Potato (Solanum tuberosum L.) is the third most important food crop worldwide (after rice and wheat) and is number one among vegetables (Birch et al. 2012; Jansky et al. 2013) . As with other crops, potato growers face severe yield losses by pests and diseases (Haynes and Lu 2005) , encouraging breeders to select for traits that confer specific resistance and tolerance within the wild relative gene pool (Jansky 2000).
Strategies have been developed to overcome hybridization barriers and perform the necessary manipulations to introgress such resistances into potato cultivars (Jansky 2000; Jansky 2006). However, only few resistance genes have been successfully introgressed into cultivars, leaving most wild resources to various pests and disease resistances untapped (Jansky 2000; Solomon-Blackburn and Barker 2001; Simko et al. 2009; Birch et al. 2012) . One of the reasons for this underutilization is lack of knowledge on the physical (co-)localization of genetic loci between cultivated potato and its close relatives that are potential donors for introgressive hybridization breeding initiatives. If there are physical differences among the chromosomes of potato and its donor relatives they can hinder homoeologous recombination, cause problems in segregation during the meiosis of hybrids and/or produce linkage drag (Young and Tanksley 1989) . Such changes hamper introgression of selected traits into the recipient crop rendering the ultimate aim unachievable (Verlaan et al. 2011 ).
Genome-wide collinearity within Solanaceae has been established mostly by comparative genetic analysis using high-density molecular marker maps. More recently, cytogenetic studies have explored the use of Fluorescence in situ Hybridisation (FISH)-based chromosome staining to establish structural and numerical comparisons of their karyotypes (Tang et al. 2008; Iovene et al. 2008; Szinay et al. 2008; Wu and Tanksley 2010; Anderson et al. 2010; Szinay et al. 2010; Lou et al. 2010; Verlaan et al. 2011 ; D r a f t 4 Szinay et al. 2012) . With the development of high-throughput DNA sequencing, genome assemblies for tomato (The Tomato Genome Consortium 2012), potato (The Potato Genome Sequencing Consortium 2011) and several of their wild relatives (Bolger et al. 2014; Aflitos et al. 2014; Aversano et al. 2015) have become available.
Concerted genomics and bioinformatics efforts have improved genome assemblies Shearer et al. 2014) . However, only a few studies have utilized sufficient high-quality physical maps needed to reveal structural differences related to introgression barriers (Peters et al. 2012; Aflitos et al. 2014; Aflitos et al. 2015; de Boer et al. 2015) . Cytogenetic information obtained by high-resolution FISH maps on extended chromosomes can provide important information on structural rearrangements.
There is a long history to the study of potato chromosome morphology, with a starting point being the detailed descriptions of gross morphology of pachytene bivalents (Yeh and Peloquin 1965; Ramanna and Wagenvoort 1976) for dihaploid clones derived from different potato cultivars. Their studies enabled full identification of all chromosome pairs through morphological features such as length, centromere positions and heterochromatin patterns. The few discrepancies between their observations suggest intraspecific variation among different Solanum tuberosum genotypes (Yeh and Peloquin 1965; Ramanna and Wagenvoort 1976) . However, since these studies are extremely laborious, such pachytene karyotypes are only available for one of the wild potato relatives, namely Solanum clarum (Marks 1969) . Other types of structural genomic information for wild potato diploid species in Section Petota were initially obtained through meiotic pairing and fertility studies of their F1 hybrids. They share a common haploid genome (A), with the exception of species in series Etuberosa. Across most of the species, this A genome is only differentiated by cryptic variations, which are so small that pairing behaviour appears regular, or slightly more differentiated by D r a f t 5 definite structural differences, that are evidenced by meiotic irregularities (Matsubayashi 1991). More detailed and higher resolution chromosomal studies are needed to look at the genomes of potato wild relatives and assess whether these differences will have an effect on chromosome pairing, recombination and segregation.
Such data can be obtained using light microscopy of long pachytene chromosomes (Tang et al. 2008; Iovene et al. 2008; Lou et al. 2010; Verlaan et al. 2011; Szinay et al. 2012) , by electron microscopy of synaptonemal complexes (Anderson et al. 2010) or by comparative chromosomal painting.
Fluorescence In situ Hybridization with Bacterial Artificial Chromosomes as probes (BAC-FISH) has proven to be a powerful diagnostic tool for high resolution genomic studies and introgression breeding (Verlaan et al. 2011) . Various previously unknown inversions could be described in the Solanum crops using BAC-FISH analyses (Tang et al. 2008; Wu and Tanksley 2010; Szinay et al. 2010; Lou et al. 2010; Szinay et al. 2012 ). This strategy was also used to identify potato chromosomes using a set of 12 chromosome-specific cytogenetic DNA markers (CSCDM) selected from a S. bulbocastanum library (Dong et al. 2000) and also to explain the suppression of recombination of an introgressed segment harbouring resistance to TYLCV in tomato (Verlaan et al. 2011) . Using multi-colour fluorescence microscopy it is possible to hybridize several probes in a single experiment, simplifying the examination of any Solanum species chromosome set to only a few experiments (Tang et al. 2009; Szinay et al. 2010) . Moreover, hybridization under lower stringency conditions allows crossspecies painting of tomato or potato probes to display homoeologous chromosomal positions in related Solanum species. For example, the RHPOTKEY BAC library was developed for diploid potato clone RH89-039-16 (Borm 2008) and anchored to AFLP markers in the ultrahigh density (UHD) genetic map (van Os et al. 2006) . From this D r a f t 6 library, 60 BACs were selected as a cytogenetic painting set with anchors for genetic map positions on the potato chromosomes, thus providing a useful tool to study collinearity between potato and its wild relatives (Tang et al. 2009 ).
For our study we focus on the diploid Solanum commersonii and S. chacoense (2n = 2x = 24), two potato relatives adapted to a variety of environmental and climate conditions (Hawkes 1990) . Both are widely distributed in Brazil, Argentina and Uruguay, whereas S. chacoense is also distributed in Paraguay and Bolivia. Taxonomically they are included in section Petota, which comprises all tuber-bearing species including cultivated potatoes (Hawkes 1990) . Solanum commersonii belongs to the potato tertiary gene pool, because it can be hybridized to potato through unreduced gametes and bridge crosses, whereas S. chacoense belongs to its secondary gene pool and can be directly crossed with tetraploid potato through unreduced gametes (Jansky 2006). Both species are excellent resources for potato breeding as they harbour resistances to many biotic stresses such as Phytophtora infestans (agent of late blight, the most important potato disease) (Micheletto et al. 2000) , Ralstonia solanacerum (agent of bacterial wilt, the second most important potato disease) (González et al. 2013 ) and other severe potato pathogens, such as Pectobacterium, Verticillium, Alternaria, X and Y viruses (Laferriere et al. 1999) . Additionally, they have been described as good reservoirs for broadening the genetic base to improve adaptation to cold and drought (Chen et al. 1999) . A few accessions from these species have been used in potato introgression breeding (Carputo et al. 1997; Laferriere et al. 1999; Chen et al. 1999; Carputo et al. 2000; Chen et al. 2013; González et al. 2013 ). However, their full potential has not been realized due to lack of genetic and genomic information and the potential for homeologous incorporation without linkage drag. Although the genome sequence of S. commersonii has been published (Aversano et al. 2015) 
Materials and methods

Plant material and slides preparation
We used three clones of commersonii (2n) x S. tuberosum Group Phureja (n)) developed by González (2010).
Flower buds containing anthers at meiotic prophase I were collected in the morning (11-12 am), fixed in absolute ethanol: acetic acid (3:1) for one day and then stored in 70 % ethanol at 4º C until further use. Pachytene spreads preparation followed the procedure described in (Szinay et al. 2008 ) with few minor modifications.
Probes, blocking and Fluorescence in situ Hybridization
We used the RHPOTKEY potato BAC library constructed from the RH clone RH89- rDNA from the pCT4.2 plasmid (Campell et al. 1992) were used as hybridization controls. We performed FISH experiments as described previously (Zhong et al. 1996) with minor modifications. We carried out incubations of more than three days to obtain better hybridization of the BAC probe DNA. Hybridization of repetitive sequences in the BAC DNA was suppressed by adding unlabelled C 0t 100 (50x probe concentration) which was prepared from genomic S. commersonii and S. tuberosum DNA as described
by Tang et al. (2008) . To enhance hybridization efficiency, we carried out posthybridization washes under low stringency conditions for 3 x 5 min in 20% formamide, 2x SSC at 42º C. Chromosomes were counterstained with 5 µg.mL -1 DAPI in
Vectashield anti-fade (Vector Laboratories).
Image acquisition and processing
We examined slides under a Zeiss Axioplan 2 imaging photomicroscope (http://www.zeiss.com/) with epifluorescence illumination and filter sets for 4′,6-diamidino-2-phenylindole (DAPI), DEAC (blue), FITC (green), Cy3 (orange), Cy3.5 (red), and Cy5/Alexa Fluor 647 (far-red) fluorescence. Only late pachytene complements were considered. Selected images were captured using a Photometrics
Sensys 1305 x 1024 pixel CCD camera (Photometrics, http://www.photomet.com).
Image thresholding was performed using Genus image analysis software (Applied D r a f t 9 fluorescence images were pseudo-coloured in blue (DEAC), green (FITC), orange (Cy3), red (Cy3.5, Texas Red) and purple (Cy5), and overlaid in multichannel mode.
Brightness and contrast adjustments were performed using the Levels tool in Adobe
Photoshop affecting all pixels equally.
Distance measurements and analysis
We straightened the images of late pachytene chromosomes using ImageJ (http://rsb.info.nih.gov/ij/plugins/straighten.html) and the cubic spline interpolation straightening plug-in of (Kocsis et al. 1991) . We measured the total length of pachytene chromosomes, the centromere index (length of the short arm/total chromosome length)
x 100 (Levan et al. 1964) , the size of the pericentromere heterochromatin, the size and position of interstitial heterochromatin knobs and the relative position of BAC signals also using ImageJ. We used the chromosome numbering system employed by Tang 
Comparative cytogenetic mapping
All BACs in this cross-species FISH showed clear signals in both species at the selected stringency level (see examples in Figures 1 and 2 ). We first checked that all BACs from one linkage group in potato hybridized to the same chromosome, meaning that each chromosome pair from S. commersonii or S. chacoense corresponded to one linkage group in potato and was equivalent to one of its chromosome pairs. We were also able to demonstrate that the order of BAC positions in both wild species corresponds to the genetic markers of the potato map (Table 2 and commersonii were observed separately from the single focus on the S. tuberosum chromosome, assuming that it is the homoeologous chromosome that is failing to pair.
More frequently, homoeologous pairing was discontinuous in between signals from contiguous BACs, although these pairing discontinuities were found all over the chromosomes (data not shown).
Physical distances and condensation patterns
Large variation was found in chromosome lengths across bivalents measured from different late pachytene complements (examples in Figure 2 and standard error bars in Figure 3 ). This variation was found both within and among individuals (from a variation D r a f t 13 of 11.2 % of the total chromosome length in chr 10 to 22.3 % in chr 9 in Solanum commersonii and from 11.7 % of the total chromosome length in chr 3 to 34.1 % in chr 8 in S. chacoense, see Table 1 ). Variation was also found in the relative position of the different markers (from a lower variation of 0.4 % in the position of BAC RH013K09
on chr 4 to a higher variation of 8.3 % in the position of BAC RH122E19 on chr 8 in S.
commersonii and from a lower variation of 0.6 % in the position of BAC RH049J10 on chr 10 to a higher variation of ± 16.8 % in the position of BAC RH092C10 on chr 1 in S. chacoense, see Table 2 ). Even though we expressed physical distances between BAC signals as relative distances, there were only slight differences among the species (Figure 3 ).
Discussion
Chromosome morphology is similar between potato and two diploid wild relatives
The overall chromosome morphology of both S. commersonii and S. chacoense wild species in late pachytene cells has been found highly similar to potato. Observed lengths varied considerably across observations in both species (see Table 1 and Figure   2 ). The extent of length variation of each chromosome in our study was similar to that reported in other studies working with late pachytene chromosomes in potato (Yeh and Peloquin 1965; Ramanna and Wagenvoort 1976; Iovene et al. 2008; Tang et al. 2009 ).
The ordering of chromosomes according to average lengths in both species differed from that reported for potato (Tang et al. 2009 ), albeit the fact that the longest and shortest chromosomes in S. commersonii corresponded to the same chromosome pairs as in potato (chr 1 and chr 11, respectively). In S. chacoense, however, the longest and D r a f t 14 shortest on average corresponded to chr 6 and chr 10, respectively (Table 1 ). Besides differences in condensation among replicates and studies, we expect that dissimilarities in total chromosome or chromosome arm length among closely related species result from changes in specific repetitive sequence distribution and abundance (Kubis et al. 1998; Sharma and Raina 2005) .
The positions of the centromeres were very similar to those of potato ( 
Implications for breeding and genome evolution in Solanum section
Petota
We have established cytogenetic maps for Solanum commersonii and S. chacoense using a reference set of five BACs per chromosome pair that had been selected and However, in general terms, our results support the interpretation that structural differences at the large-scale chromosomal level do not seem to underlie genome evolution in species belonging to section Petota, while they appear to be important across sections in the genus (Szinay et al. 2012 ) and within the tomato clade. Examples of pachytene complements from two triploid interspecific hybrids (S. commersonii (2n) x S. tuberosum Group Phureja (n)) hybridized with five BAC probes belonging to a) chromosome 2 (chr 2), b) chr 5, c) chr 10, d) chr 11. The images show breakpoints in homoeologous pairing (white arrows) which have been quantified and are not correlated with any specific physical location. Scale bar = 10 µm.
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